Study objectives: Sleep debt (SD) has been suggested to evoke emotional instability by diminishing the suppression of the amygdala by the medial prefrontal cortex (MPFC). Here, we investigated how short-term SD affects resting-state functional connectivity between the amygdala and MPFC, self-reported mood, and sleep parameters. Methods: Eighteen healthy adult men aged 29 ± 8.24 years participated in a 2-day sleep control session (SC; time in bed [TIB], 9 hours) and 2-day SD session (TIB, 3 hours). On day 2 of each session, resting-state functional magnetic resonance imaging was performed, followed immediately by measuring self-reported mood on the State-Trait Anxiety Inventory-State subscale (STAI-S). Results: STAI-S score was significantly increased, and functional connectivity between the amygdala and MPFC was significantly decreased in SD compared with SC. Significant correlations were observed between reduced rapid eye movement (REM) sleep and reduced left amygdala-MPFC functional connectivity (FC L_amg-MPFC ) and between reduced FC L_amg-MPFC and increased STAI-S score in SD compared with SC. Conclusions: These findings suggest that reduced MPFC functional connectivity of amygdala activity is involved in mood deterioration under SD, and that REM sleep reduction is involved in functional changes in the corresponding brain regions. Having adequate REM sleep may be important for mental health maintenance.
INTRODUCTION
Many modern people experience chronic sleep deprivation because of the 24-hour society they live in, along with the spread of nocturnal lifestyles and jobs with long working hours. [1] [2] [3] [4] [5] [6] [7] Sleep deprivation has been shown to induce daytime sleepiness and poor psychomotor performance, leading to accidents and human error. [8] [9] [10] [11] Recent studies have revealed that, in addition to enhancing physiological and psychological responses to emotional stimuli, [12] [13] [14] acute sleep deprivation also evokes overreactions in the emotion-related brain areas. In a study conducted by Yoo et al., participants were randomly allocated between sessions of total sleep deprivation and normal sleep, and functional magnetic resonance imaging (fMRI) was performed to measure brain activity in response to unpleasant emotional stimuli. Comparison between the groups showed that the amygdala, which plays an important role in the processing of emotions, was activated in the participants who underwent total sleep deprivation. The study also revealed that the background mechanism involved reduced functional connectivity between the amygdala and medial prefrontal cortex (MPFC); this finding is thought to reflect reduced suppression of amygdala activity by the frontal lobe. 15 The study used total sleep deprivation as an intervention, but in real life, sleep deprivation often manifests as sleep debt (SD) that has accumulated after having short sleep over several consecutive days, instead of a single night of total sleep deprivation. 16 In addition to increasing sleepiness and fatigue and decreasing psychomotor performance, SD has been shown to increase emotional instability such as anxiety and confusion. [17] [18] [19] [20] [21] Therefore, we have investigated whether brain activity is affected by SD that has accumulated over 5 weekdays, a situation frequently encountered in real life. Our findings were similar to those of Yoo et al. and subsequent studies 22, 23 : When fearful faces were displayed, the activity of the amygdala was intensified under SD compared with adequate sleep, with reduced functional connectivity between the amygdala and ventromedial prefrontal cortex, a region of the medial frontal lobe. 24 A series of previous studies of emotion-related brain functions showed functional changes in phasic response to emotional stimuli in sleep-deprived individuals, but none of these studies investigated whether such functional changes were directly involved in the regulation of tonic mood state. In addition, some studies reported changes in resting-state connectivity (connectivity in the absence of a cognitive task) between the amygdala and prefrontal region after total sleep deprivation 25, 26 or depending on sleep duration in the previous night, 23 yet no study has investigated the effect of SD accumulated after having short sleep over consecutive days and the association between SD and actual mood state or sleep parameters. Therefore, we simulated SD in this case-crossover study consisting of a sleep control (SC) session with 9 hours of time in bed (TIB) and SD session with 3 hours of TIB (2 days per session) and performed MRI in 18 adult men on the last day of each session. To investigate brain function directly reflecting tonic mood state, the resting-state amygdala-MPFC functional connectivity was measured when participants were not performing special tasks. We also evaluated self-reported mood immediately after MRI scanning. Polysomnographic (PSG) data were obtained during the previous night. Furthermore, the effect of SD on mood regulation and the underlying mechanism was investigated by analyzing the mutual relationships between resting-state brain activity, self-reported mood, and sleep parameters in individuals with SD.
METHOD Ethics
This study was approved by the Ethics Committee of the National Center of Neurology and Psychiatry, Japan, and was performed in adherance with the Declaration of Helsinki. Before commencement of the study, all participants received an explanation of the details of the study's protocol and aims and then provided written informed consent to participate.
Participants
Participants were Japanese 19 healthy right-handed men in their 20s or 30s. At the time of signing the consent form, participants underwent medical interviews to screen out those with sleep or mental disorders. They were also asked to complete the StateTrait Anxiety Inventory-Trait subscale (STAI-T) 27 questionnaire before the next visit. To set up an experimental sleep-wake schedule that simulates real life, habitual sleep-awake patterns of participants were monitored using a wrist-worn (MicroMini, Ambulatory Monitoring Inc., Ardsley, NY) and waist-worn (FS760, Estera Corporation, Saitama, Japan) actigraph during a 1-week observational period. Participants also completed a sleep log during the observational period. To calculate bedtime and wake-up time from the actigraph data, The MicroMini uses Cole's algorithm with optimal parameters 28 and the FS760 uses an algorithm developed by Nakazaki et al. 29 FS760 data were used for three participants whose data from the MicroMini were lost for technical reasons. During the 5-day in observational period prior to the experimental sessions, mean sleep duration, bedtime, and wake-up time were 07:11 am (± 1 hour 31 minutes), 12:33 am (± 1 hour 40 minutes), and 08:29 am (± 1 hours 4 minutes), respectively.
Exclusion criteria were as follows: some form of sleep disorder, mental disorder, visual impairment including color blindness or severe physical complication; currently taking medication or using substances that might affect the study outcome (eg, sleep aids, antihistamines, other sleep-inducing drugs, and steroids); a metallic implant such as a pacemaker; shift work; travel to a foreign country with a ≥6-hour time difference within the last 3 months; daily consumption of drinks containing ≥200 mg of caffeine; and stress symptoms due to tobacco abstinence. One participant dropped out of the study for personal reasons. The remaining 18 participants aged 27.5 ± 6.93 years (mean ± standard deviation) were included in analysis. Figure 1 shows the experimental protocol used in this study. All participants participated in a briefing about the counterbalanced case-crossover design of this study consisting of two different sleep sessions separated by a 2-week interval. After the observational period at home, participants underwent one of the sessions: SC session with 9 hours in bed (after participants were given permission to sleep with lights off) or SD session with 3 hours in bed. Participants were instructed to refrain from staying up all night or working shifts and to adhere to their regular lifestyle during the interval between sessions. Ten participants underwent SC session first. Although nine participants were initially scheduled to start off with the SD session, only eight did so because one participant dropped out before study commencement.
Sleep Restriction Protocol
In the SC session, lights on was set to be within ±2 hours of the mean wake-up time calculated from the actigraph data obtained during the 5-day observational period. Lights out was set 9 hours prior to lights on. For example, lights on and lights out were set sometime between 22:00-01:00 and 07:00-10:00, respectively, such that TIB was 9 hours. In the SD session, lights on was the same as in the SC session and lights out was set 3 hours prior to lights on such that TIB was 3 hours. For example, lights on and lights out were set sometime between 04:00-07:00 and 07:00-10:00, respectively. The study had a randomized crossover design involving a sleep control (SC) sessions and a sleep debt (SD) session (for two nights in each session) with an over 2-week interval between the sessions. The experimental sessions were started with the order of the sessions counterbalanced across participants (ie, SC-SD or SD-SC). On all nights in each session, participants underwent PSG measurement in the laboratory. On day 3, they underwent fMRI scanning followed by questionnaires to assess their mood state. fMRI = functional magnetic resonance imaging; PSG, polysomnography.
Participants underwent each 2-day session under video surveillance in an isolation laboratory at the National Center of Neurology and Psychiatry. Laboratory attendant staff who were there to assist participants whenever necessary verbally woke up participants when they were falling into a drowsy state or asleep. During the scheduled wake period, participants were allowed to move around inside the isolation unit, read and write, enjoy music and videos, play videogames, and engage in conversation with attendant staff. On the second day, participants ate prepared meals 1, 4, and 9 hours after waking up. In addition, psychological tasks and questionnaire surveys on self-reported sleepiness and mood were performed immediately after waking up and every 3 hours thereafter (data not shown here). Participants were allowed to drink mineral water any time but were not permitted to have caffeinated beverages or alcohol. Laboratory lighting was set at 100 and 0 lx during the wake and sleep periods, respectively, and ambient temperature and relative humidity in the laboratory were maintained at 25 ± 0.5°C and 50 ± 5%, respectively.
Polysomnography
In both sessions, PSG measurement and analysis were performed every night for each participant (Neurofax EEG-1200, Nihon Kohden Corporation, Tokyo, Japan). PSG data were recorded through Ag-AgCl electrodes placed at F3, F4, C3, C4, O1, and O2 in accordance with the International 10-20 System with the earlobes set as references for electrocardiography, electrooculography, and chin electromyography. Settings used were a sampling rate of 200 Hz and a hardware bandpass filter for the 0.5-35 Hz range. Sleep stages were determined using 30-second epochs in accordance with the international standards. 30 To avoid the first-night effect, 31 data from the first night were excluded from analysis. PSG data from the second night were used to calculate the following sleep parameters: total sleep time (TST); duration of light sleep at Stages 1 and 2 (st1 + 2), deep sleep (slow-wave sleep; SWS), and rapid eye movement (REM) sleep; sleep latency (SL); sleep efficiency (SE); and the proportions of SWS (%SWS) and REM (%REM) relative to TST.
MRI and Questionnaire Surveys
In each session, MRI was performed in the afternoon of the second day. Participants had the same breakfast (rice balls, approximately 350 kcal) 1 hour after wake-up time and underwent multiple behavioral experiments within 2-4 hours after wake-up time (data not shown here). Participants then entered the MRI room, and imaging was performed 5-7 hours after wake-up time.
fMRI was conducted two times for 5 minutes each. The second imaging session was performed after a short break. During imaging, participants were instructed to stay relaxed and stare at a fixation point to prevent them from sleeping, and an eye camera (EyeLink, SR Research Ltd., Ottawa, Canada) was used to visually verify that participants were awake. After each imaging, self-reported sleepiness was evaluated using the Stanford Sleepiness Scale (SSS). 32 After the second imaging, self-reported mood was evaluated using the State-Trait Anxiety Inventory-State subscale (STAI-S) 27 and the Positive and Negative Affect ScheduleNegative Affect (PANAS-NA). 33 fMRI Acquisition MRI was performed using the Magnetom Verio 3T MRI System from Siemens. To obtain reference images for analysis, T1-weighted magnetic resonance rapid gradient-echo (T1-weighted MPRAGE) imaging was performed using the following parameters: repetition time/time to echo (TR/ TE) = 1900 ms/2.52 ms, voxel size = 1 mm × 1 mm × 1 mm, flip angle = 9°, and field of view = 256 × 192.
To obtain resting-state fMRI images, single-shot echo-planar imaging was performed using the following parameters: TR/ TE = 2600 ms/30 ms, 30 axial slices, voxel size = 3.4 mm × 3.4 mm × 3.4 mm, slice thickness = 3.4 mm, spacing between slices = 4.25 mm, flip angle = 90°, matrix size = 64 × 96. One session consisted of 115 scans, and thus, a total of 230 scans were performed. After excluding the first five scans from each session, data from 220 scans were used for analysis.
fMRI Functional Connectivity Analysis Analysis was performed using the CONN15 toolbox (Alfonso Nieto-Castanon http://www.alfnie.com/software/conn) for Statistical Parametric Mapping 8 (SPM8) analysis software (Wellcome Department of Imaging Neuroscience, University College, London, United Kingdom; http://www.fil.ion.ucl. ac.uk/spm/software/spm8/). After correction for body movement using realignment parameters during each scan and then slice timing correction, scrubbing (to eliminate the effect of a scan volume with large motion above the 95 percentile of all scans) and coregistration to MPRAGE images, Montreal Neurological Institute (MNI) templates were used to perform spatial normalization and Gaussian smoothing using a kernel of 8-mm full-width at half-maximum on each fMRI image. For resting-state functional connectivity analysis, a cluster of voxels in the amygdala region of interest (ROI) was set as a seed region bilaterally. According to the Talairach Atlas (http:// neuro.debian.net/pkgs/fsl-talairach-daemon-atlas.html), masks for the left and right amygdala and MPFC were created and set as ROIs. CONN software translated the Talairach Atlas to MNI space. To generate beta images, the general linear model was used to analyze and extract voxels showing activities correlated with blood oxygenation level-dependent signals. A component-based noise correction method in which the five largest principal factors of the activity of the white matter and cerebrospinal fluid were set as regressors (aCOMPCOR 34 ), and a bandpass filter for the 0.008-0.09 Hz range were adopted to remove noise generated by body movements or physiological processes other than brain activities. To verify our hypothesis that the functional connectivity between the amygdala and MPFC is reduced in individuals with SD, we analyzed left or right amygdala-seed functional connectivity in the MPFC-ROI and searched the voxels showing a significant decrease in functional connectivity after the SD session compared with the SC session using a voxelwise paired t test. The clusters showing a significant difference (p < .001, uncorrected) inside the MPFC-ROI were subjected to small-volume correction (SVC) in multiple comparison analysis (peak-level family-wise error (FWE) p < .05). Because of the within-subject design with repeated measures, global normalization was not performed in this study.
In addition to the above a priori analysis, exploratory whole-brain analysis using a functional connectivity map with each amygdala as a seed region was performed to detect areas with increased or decreased functional connectivity in the SD session compared with the SC session. The clusters showing significant differences (p < .001, uncorrected) were subjected to multiple comparison analysis with a peak-level FWE set at p < .05.
Statistical Analysis for Behavioral Data
A paired t test was performed to compare behavioral data and PSG data between the SC and SD sessions. Statistical analysis was performed using SPSS PASW Statistics 18, with the level of significance set at p < .05. All the values were expressed as means ± standard deviation.
Correlation Analysis Between Mood/Sleep Changes and fMRI Data
In each participant, the difference (Δvalue) in self-reported mood (scores of STAI-S and PANAS-NA), duration of each sleep stage, and contrast estimates of the right and left amygdala-MPFC functional connectivity was analyzed between the SD and SC sessions to show the correlation between brain activity and mood or PSG indices. For statistical analysis, the MarsBaR toolbox for SPM8 was used to calculate mean brain activity for the amygdala-MPFC connectivity on the left side (FC L_amg-MPFC ) and right side (FC R_amg-MPFC ) from the clusters showing significant differences between sessions. Between-subject comparison was performed by calculating a Pearson product-moment correlation coefficient.
Furthermore, trait anxiety has been shown to correlate with reduced functional vulnerability in the brain area involved in emotion regulation in sleep-deprived individuals. 35 Therefore, to eliminate any negative effect on correlation analysis, partial correlation coefficient analysis was performed with STAI-T scores as control variables. Table 1 shows sleepiness and mood states in the SC and SD session. Compared with the SC session, the SD session had significantly higher SSS (t(16) = 3.93, p < .01) and STAI-S (t(16) = 2.54, p < .05) scores. PANAS-NA and -PA scores did not differ significantly between the sessions (t(16) = 0.26, p = .80; t(16) = 1.11, p = .28; respectively). Table 2 shows sleep parameters in the SC and SD session. Compared with the SC session, the SD session had a significantly shorter TST, st1 + 2 duration and REM duration. Despite the large difference in TST, SWS did not differ significantly (t(16) = 1.76, p = .097). %SWS was greatly elevated in the SD session (t(16) = 8.06, p < .001), suggesting the homeostatic regulation of SWS, whereas no significant difference was observed in %REM (t(16) = 0.33, p = .74). Exploratory whole-brain analysis revealed that the functional connectivity of the left superior temporal gyrus (STG) to the left amygdala decreased significantly during SD ( Figure 3A , peak MNI coordinates x = −52, y = −4, z = −2 mm, t(16) = 8.27, p < .001, peak-level FWE p < .05, k = 53 continuous voxels) compared with SC. In contrast, the functional connectivity of the right inferior frontal gyrus (IFG) to the left amygdala increased significantly during SD ( Figure 3B , peak MNI coordinates x = 42, y = 56, z = 6 mm, t(16) = 8.18, p < .001, peak-level FWE p < .05, k = 117 continuous voxels). No brain region showed a significant change in functional connectivity with the right amygdala during SD. Table 3 shows the correlation of the Δvalue (SD − SC) of FC L_amg-MPFC or FC R_amg-MPFC with the Δvalue of self-reported mood and each sleep parameter in the SD session. A significant negative correlation was observed between ΔFC L_amg-MPFC and mood deterioration (ΔSTAI-S) ( Figure 4A ). In addition, there was a significant positive correlation between ΔFC L_amg-MPFC and REM duration (ΔREM) ( Figure 4B ). On the other hand, ΔFC R_amg-MPFC had a significant negative correlation with SWS duration (ΔSWS). ΔFC R_amg-MPFC was not correlated with ΔSTAI-S or ΔREM. Table 4 shows the results of partial correlation coefficient analysis with STAI-T score as a control variable. The table shows the disappearance of correlation between SWS and FC L_amg-MPFC and the new appearance of correlation between SSS and left amygdala-right IFG functional connectivity.
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Sleepiness and Mood States
PSG Data
Correlations Between Mood/Sleep Changes and fMRI Data
DISCUSSION
The findings of this study revealed that SD accumulated after 2 days of short sleep led to worsening of self-reported mood (ie, increased state anxiety) and reduced FC L_amg-MPFC and FC R_amg-MPFC (functional connectivity between the MPFC and amygdala on both The map shows greater functional connectivity between the left amygdala and voxels in the whole brain after the SC session than after the SD session. Significant differences were found in the encircled voxels with peak MNI coordinates (x = −52, y = −4, z = −2 mm, t(16) = 8.27, p < .001, k = 53 continuous voxels). (B) The map shows greater functional connectivity between the left amygdala and voxels in the whole brain after the SD session than after the SC session. Significant differences were found in the encircled voxels with peak MNI coordinates (x = 42, y = 56, z = 6 mm, t(16) = 8.18, p < .001, k = 117 continuous voxels). The significant cluster with stronger connectivity to the left amygdala is rendered on a T1 anatomical reference image displayed in neurological convention, with the left side corresponding to the left hemisphere. MNI, Montreal Neurological Institute template. sides), reduced left amygdala functional connectivity with the left STG and increased connectivity with the right IFG in participants who were in the resting state and were not performing any tasks. In addition, participants who had a large reduction in REM sleep also had a large decline in FC L_amg-MPFC , and participants who had a large decline in FC L_amg-MPFC had severe deterioration in self-reported mood. These findings suggest that impaired MPFC connectivity with the amygdala is involved in the deterioration of mood in individuals with SD, and furthermore, such change in the brain function is associated with a reduction in the duration of REM sleep due to SD. While we showed phasic response to emotional stimuli in our previous study, 24 the present study was the first to show the association between tonic mood state and the resting-state amygdala-MPFC functional connectivity in individuals with SD. Previous research has shown that sleep deprivation and sleep restriction have different effects on the function of emotions. For example, total sleep deprivation instantaneously improves the mood of patients with depression (sleep deprivation therapy), 36, 37 but such quick action has not been demonstrated with sleep restriction. This may be largely because, whereas all sleep stages are lost in total sleep deprivation, partial sleep deprivation stimulates sleep homeostasis, altering sleep architecture by increasing the proportion of SWS to TST. In other words, sleep restriction (partial sleep deprivation) results in the acquisition of SWS. 16 Similarly in this study, despite a 6-hour difference in TIB, there was a marked increase in %SWS, with the difference in SWS duration showing only a tendency toward significance. Previous research always emphasized the importance of SWS in the recovery of mental function, but the results of sleep restriction intervention suggest the importance to sleep stages other than SWS in the recovery of mental function.
The amygdala is thought to be involved in the appearance of negative emotions. [38] [39] [40] It is activated by presentation of unpleasant stimuli, 41, 42 and amygdala activation is more pronounced in patients with depression or anxiety disorder. [43] [44] [45] In addition, the amygdala and MPFC have strong functional and anatomical connections to each other, 46 so the strength of the amygdala-MPFC functional connectivity is thought to be associated with emotion suppression. 22, [47] [48] [49] Furthermore, reduced amygdala-MPFC connectivity is frequently observed in persons with social anxiety disorder due to impaired mood regulation, those who have the short allele of the serotonin transporter gene and thus a high risk of depression and those with schizophrenia. [50] [51] [52] Previous studies reported a decline in the amygdala-MPFC functional connectivity after a single night of total sleep deprivation. 9, 15 We also previously showed similar functional changes after having short sleep over 5 consecutive days. 24 The present study revealed that a much shorter duration (only 2 days) was enough to diminish the amygdala-MPFC functional connectivity. More importantly, changes in self-reported mood (intensified anxiety) after experiencing short sleep were correlated reduced FC L_amg-MPFC . This finding, which is consistent with the finding of our previous study, 24 suggests that the mutual interaction between the amygdala and prefrontal region is involved in the neurological basis of mood deterioration in individuals with SD. Although Goldstein et al. 35 have shown a correlation between trait anxiety and the reduced functional vulnerability in the brain area associated with emotion regulation in sleep-deprived individuals, the results of our partial correlation coefficient analysis did not show trait anxiety mediating the correlation between anxiety and FC L_amg-MPFC . The difference between their study and ours may be attributable to the difference between total sleep deprivation and sleep restriction and/or the different brain areas.
The mechanism involved in functional change of the amygdala-MPFC connectivity by SD is currently unknown, but interestingly, the extent of the reduction in FC L_amg-MPFC was associated with the extent of reduction in REM sleep. Previous studies investigating the association between the amount of REM sleep and habitual emotional response 53 and between REM sleep deprivation and the intensity of emotional response 54 have shown that the amount of REM sleep affects emotional functioning. In addition, REM sleep abnormalities are observed in patients with depression and other types of mental disorders. [55] [56] [57] Several hypotheses have been proposed to explain the biological mechanism by which REM sleep regulates emotions. [53] [54] [55] Some research groups hypothesize that REM sleep greatly alters the activation of the serotonergic, adrenergic/noradrenergic, and cholinergic nervous systems, all of which are involved in the processing of emotions. 55, 58 Others hypothesize that because the emotional processing network, which includes the amygdala, is strongly activated when individuals are dreaming during REM sleep, 59 REM plays a role in tuning and optimizing the level of emotional response for the following day. 53, 54 From these, it is possible that a REM sleep reduction due to SD reduces FC L_amg-MPFC and worsens mood through one of the mechanisms mentioned above or through some unknown mechanism.
A marked induction in %SWS in individuals with SD suggests the homeostatic regulation of SWS. 60, 61 An early study of REM sleep deprivation showed that REM sleep rebounds because of the homeostatic function 62 ; however, SD did not cause a significant difference in %REM in the present study. It is possible that 3-hour sleep duration was just long enough to maintain SWS homeostasis but short enough to trigger the rebound of REM sleep, thus revealing the association of REM sleep with the altered brain functions.
Despite the bilateral reduction in amygdala-MPFC functional connectivity, only the left the amygdala was associated with self-reported mood in this study, as in our previous study. 24 Several meta-analyses of studies on emotions consistently showed that emotion-related tasks often provoke significant response in the left amygdala. [63] [64] [65] [66] The review articles on the functional roles of the left and right amygdala strongly suggest that while the left amygdala is involved in the processing of verbal and conscious emotions, the right amygdala is involved in automatic and unconscious processing of emotions. 67, 68 In the present study, the mood and PSG indices were correlated only with the left amygdala presumably because we measured self-reported anxiety which requires conscious processing. In addition, there was a significant negative correlation between FC R_amg-MPFC and SWS duration whereas FC R_amg-MPFC was not correlated with self-reported mood. All the findings mentioned above may imply an association between activity in the right amygdala and changes in unconscious emotion processing under SD. Indeed, a previous study using a backward masking technique reported that the degree of sleepiness in individuals with SD was correlated with the activity of the left and right amygdala when processing the unconscious presentation of emotional faces. 69 Further study is needed to elucidate the association between SD and the function of the right amygdala.
Exploratory whole-brain analysis revealed that the functional connectivity with the left amygdala decreased significantly in the left STG but increased significantly in the right IFG under SD. Previous research has shown that the resting-state connectivity between the left STG and amygdala increased immediately after effortful emotional regulation tasks where participants were instructed to suppress emotions while viewing salient emotional stimuli. 70 It has also been shown that patients with depression 71 and individuals carrying the S allele (short variant) of the serotonin transporter gene and thus at high risk for depression 72 have reduced left amygdala-STG functional connectivity. The present study offers novel findings that SD weakens functional connectivity between the left amygdala and left STG, in addition to MPFC. Because the STG has been suggested to play a role in effortful emotion regulation, a reduction in the functional connectivity between the STG and amygdala is thought to be associated with worsened anxiety and depression observed among sleep-deprived individuals.
In contrast, the functional connectivity between the left amygdala and right IFG increased under SD, which is consistent with the findings of previous research 26 on resting-state functional connectivity under total sleep deprivation. In addition, the association between the retrieval of autobiographical memory and the right IFG-left amygdala functional connectivity has also been reported. 73 The increased resting-state functional connectivity between the left amygdala and left STG as well as between the left amygdala and right IFG in individuals with SD may be associated with the retrieval of negative memories, but the physiological significance of this remains unclear because parameters for effortful emotion regulation and memories were not examined in this study. However, the resting-state functional connectivity between the left amygdala and left STG as well as right IFG did not correlate with moods or sleep parameters, suggesting that FC amg-MPFC plays a much stronger role in mood changes in sleep-deprived individuals.
In conclusion, we showed that even short-term sleep deprivation of only 2 days leads to worsening of anxiety and self-reported mood possibly through the functional change of FC L_amg-MPFC . Furthermore, reduced FC L_amg-MPFC was associated with the reduction of REM sleep due to SD. In modern society, the spread of nocturnal lifestyles and jobs involving long working hours or shift work is a risk factor for habitual short sleep and depression. 1, 2, [4] [5] [6] 30, [74] [75] [76] This study, together with previous studies showing the association of REM sleep abnormalities with depression, as well as with many other mental disorders, suggests that people should pay attention to getting adequate sleep, particularly REM sleep because it is an important factor from the perspective of mental health maintenance.
